Abstract. Non-contact video measurement methods are used to extend the capabilities of standard measurement systems, based on strain gauges or accelerometers. In most cases, they are able to provide more accurate information about the material or construction being tested than traditional sensors, while maintaining a high resolution and measurement stability. With the use of optical methods, it is possible to generate a full field of displacement on the surface of the test sample. The displacement value is the basic (primary) value determined using optical methods, and it is possible to determine the size of the derivative in the form of a sample deformation. This paper presents the application of a non-contact optical method to investigate the deformation of coarse soil material. For this type of soil, it is particularly difficult to obtain basic strength parameters. The use of a non-contact optical method, followed by a digital image correlation (DIC) study of the sample obtained during the tests, effectively completes the description of the behaviour of this type of material.
Introduction
It is difficult to identify the parameters to accurately describe soil. As is already known, soil is a mixture of solids, water, and gases. There are several methods to test soil. Namely, shear box tests and vane tests, as well as uniaxial and triaxial stress tests give some soil parameters, in a limited range, for different types of soils. In particular, they have caused problems for coarse and very coarse soils. Furthermore, it is difficult to extrapolate typical continuum models from coarse soils. Even after laboratory tests, it is necessary to implement the data into large, numerical scale models and then form a decision on whether the results are realistic, at least for a certain range of deformations (elastic, plastic). The last few decades have provided us with a tremendous opportunity to apply another class of the measurement methods, known as non-destructive tests. The internal structure of a soil sample may be examined for volumetric inspection with penetrating radiation (RT), such as X-rays, neutrons, or gamma radiation. A combination of such tests, with the method applied in this paper, appears to be promising. Digital image correlation (DIC) generally refers to another class of non-contacting methods that acquire images of an object in digital form and perform image analysis to extract sensor-plane motions that can then be converted into full-field measurements on the corresponding object. One of the most commonly used approaches employs random patterns and compares subsets from initial, reference configuration and then the next configuration images to obtain a full-field of sensor-plane measurements. Fig. 1 presents the idea of DIC method [1] . The DIC method looks for the maximum of the correlation array between pixel intensity array subsets on several corresponding images, which gives the integer translational shift between them. It also estimates shifts in a finer resolution than the resolution of the original images, based on "subpixel" registration, because the measured shift is smaller than an integer pixel unit. An iterative approach may be used to maximize the interpolated correlation coefficient by using nonlinear optimization techniques. The two-dimensional discrete cross correlation ij r is defined here [2] [3] as
where: f (m, n) is the pixel intensity or the gray-scale value at a point (m, n) in the original image, g (m, n) is the gray-scale value at a point (m, n) in the translated image, 
where: u and v are translations of the centre of the subset in the X and Y directions, respectively. The distances from the centre of the subset to the point (x, y) are denoted by Δx and Δy. Thus, the correlation coefficient r ij is a function of displacement components (u, v) and relevant displacement gradients [4] .
Uniaxial unconfined compression soil tests
Three soil samples have been tested in order to get the Young's modulus E. The soil material is a quaternary colluvium formation deposit of the Carpathian flysch [5] . The uniaxial unconfined compression tests of the soil samples have been performed. Fig. 2 presents the experimental setup. The experiment has been performed with the application of Zwick 1455 static testing machine. It has a maximum load range of up to 20 kN, while the force measurement resolution is equal to 0.1 N, and the resolution of the vertical deformations measurements is equal to 0.002 mm [6] [7] . The compression force and the vertical displacement has been measured. The camera used in the experiment is a Nikon DSLR D5300 (24Mpx, 6000x4000 px) with a Sigma 17-50 mm F/2.8 EX DC OS HSM lens. The resolution refers to the original value, which is obtained by means of an optical measurement, and, in this case, it is the displacement of a given point (marker). Thanks to the use of sub-pixel measurement, the measurement resolution was, depending on the test, from 0.01 to 0.02 px, yielding 0.0004 and 0.0008 mm, respectively. The collected image data has been processed using an optical measurement system (CivEng Vision) developed by the one of the authors of this paper [1, [8] [9] . Fig. 3 presents the results of the deformations of the coarse soil sample in the solid state, in the following four virtual steps. It also may be visible, from the figure, that the virtual strain gauges were applied. The behaviour of the soil sample resembles the barrel shape with the vertical loading increasing, which may be seen when analysing steps #1 to #4. On the other hand, the sample cracks are noticeable at the bottom of left figure. Fig. 3 The results of soil deformations in the four following steps of the compression test and the virtual strain gauges applied (left), and the virtual mesh grid (right).
Fig. 4
The deformation vectors of the mesh grid (left), and the paths of the mesh points (right) put on the image of the soil sample. Fig. 3 (right) presents the virtual mesh applied to the sample in order to obtain the real pathways of the mesh-points, chosen on the surface of the soil sample. The deformation vectors of the mesh grid (left) and the paths of the mesh points (right) put on the image of the soil sample are presented in Fig. 4 . From that figure, one may observe the shear failure behaviour of the sample. The values are resized in order to notice this. It is even more apparent when colours are applied to illustrate the strains.
Fig. 5
The strain tensor components ( xx ,  yy ,  xy ) digital maps at the early stage of the experiment, put on the image of the soil sample. Fig. 6 The strain tensor components ( xx ,  yy ,  xy ) digital maps during the medium phase of the experiment, put on the image of the soil sample. Fig. 5 presents the digital maps of the strain tensor components, namely  xx ,  yy ,  xy , at the early stage of the experiment, put on the image of the soil sample. From the first tensor component  xx map, one may notice the beginning of the oblique crack, which is not visible in the other strain components, where the behaviour is chaotic. With an increase in force, the oblique crack is also visible in the tensor component  xy map, seen in Fig. 6 . At the final phase of this experiment, another oblique crack is visible in Fig. 7 , where the tensor component  yy map shows it, as well. Returning to Fig. 4 , the first oblique crack is then visible after careful analysis of the vectors of the total deformations and the pathways of the mesh-points regularly chosen on the surface of the soil sample. Unfortunately, the second oblique crack is not visible in Fig.  4 . As it was previously mentioned, the measurements of the compression loading and the vertical displacement has been performed during the test. Based on that data, Fig. 8 presents the stress-strain curves for all of the analysed samples. At the beginning of compression test for samples #1 and #2, the machine was adapting to the proper work, and thus, the stress is not visible, while displacements theoretically contributed more than 1% of strains. The grain size distribution curve of the soil sample #3 is visible in Fig. 9 and the data from Table 1 may be helpful in the identification of the soil. According to the EN ISO 14688, the soil is classified as clayey gravel (clGr). However, bearing in mind the quality of that soil, the behaviour and the properties are those of cohesive clay rather than noncohesive gravel.
Conclusions
The paper presented the application of a non-contact optical method for investigating the deformation of a cohesive coarse soil material. For this type of soil, it is especially difficult to obtain basic strength parameters. Three soil samples were tested. The uniaxial compression tests of the soil samples performed indicate that the behaviour of the soil is more similar to cohesive clay rather than to non-cohesive gravel. The use of a non-contact optical method, followed by the study of a digital image correlation (DIC) of the sample obtained during tests effectively completes the description of the behaviour of this type of soil material.
